We present the results of a plane wave based density functional study of the structure and properties of tetragonal zirconia in the range of pressures from 0 to 50 GPa. We predict a transition to a fluorite-type cubic structure at 37 GPa which is likely to be of a soft mode origin and is accompanied by a power law decrease of the frequency of the Raman-active A 1g mode. A detailed study of the pressure effect on phonon modes is given, including theoretical Raman spectra and their pressure dependence. Our results provide a consistent picture of the pressure-induced phase transition in tetragonal zirconia.
Introduction
Zirconia, ZrO 2 , is an extremely important ceramic material for modern technological applications. It has useful mechanical properties for manufacturing of medical devices [1] , and generally excellent characteristics for engineering applications [2] . One of the most important features that define the mechanical properties of zirconia is the transformation toughening mechanism [3] . At ambient pressure, ZrO 2 has three polymorphs, cubic (c-ZrO 2 ), tetragonal (t-ZrO 2 ) and monoclinic (m-ZrO 2 ). Phase transformations between cubic and tetragonal, and tetragonal and monoclinic phases occur on cooling from high temperatures. Remarkably, the ground state monoclinic phase has an atomic density only 96% of that of the cubic phase and 97% of that of the tetragonal phase. It is this anomalous property that makes transformation toughening possible. In view of this, the understanding of the interplay between mechanical properties of zirconia and its density becomes of paramount importance. A number of phase transformations in ZrO 2 are known to occur under hydrostatic pressure; for example, the monoclinic phase undergoes transitions to different orthorhombic phases upon compression [4] . The complete P-T phase diagram of zirconia [5, 6] demonstrates a rich variety of transformations that are possible in this system in response to changes in external parameters. These transformations are responsible for the high fracture toughness of zirconia based ceramics, although properties of actual engineering materials are affected also by structural defects, crystallite size, sample treatment history, etc.
There is a long history of theoretical studies of properties and phase transformations of ZrO 2 . Density functional theory (DFT) is currently the method of choice for firstprinciples studies of crystalline materials, and a number of DFT studies address fundamental issues of structure and properties of various phases of zirconia [7, 8] . Lattice dynamics is one of the central issues in such investigations, since it is expected that many transformations in the ZrO 2 phase diagram are related to the soft phonon mode mechanism [9] .
An important issue which arises when one compares theoretical and experimental results is that the DFT studies are usually performed in the athermal limit, T = 0 K. Most phases of ZrO 2 are difficult to stabilize at low temperatures without applying pressure or introducing dopants. The situation is more promising in the case of the tetragonal modification, which can be stabilized in nanocrystalline form at ambient pressure and room temperature without doping. Recent experimental studies probed a number of important structural and vibrational properties of t-ZrO 2 [4, 5] including pressureinduced changes in its phonon spectrum [4] . In spite of these investigations a number of open issues remain, in particular related to the assignment of vibrational modes. Therefore, a further analysis of the pressure-induced changes in the phonon spectrum as related to the suggested high pressure phase transition [4] is required.
The present work is focused on the theoretical study of structure and properties of t-ZrO 2 under hydrostatic compression, with particular emphasis on phonon frequencies and Raman spectra. It has been suggested that external pressure removes tetragonal distortions and the structure transforms to a cubic modification via most probably a soft mode mechanism [4] . The main experimental technique used to diagnose a soft mode behaviour is Raman spectroscopy. We present the first DFT results on the pressure dependence of Raman frequencies and intensities and use these theoretical data to interpret experimental findings.
The overall structure of the paper is as follows. Section 2 presents the computational set-up of the current investigation. We then present in section 3 our results for properties of tZrO 2 at ambient pressure and provide a comprehensive critical review of the available experimental and theoretical data on the structure, compressibility, elastic constants, Born effective charges, dielectric permittivity, and phonon frequencies of this polymorph. The accuracy of these results allows us to proceed with the study of the effect of compression on the structure and properties (section 4), and this is followed by conclusions.
Computational methodology
The tetragonal modification of ZrO 2 has space group 137 (P4 2 /nmc) with two formula units per cell. In the setting that corresponds to the origin choice 1 as defined in [10] there is a Zr atom located on the Wyckoff position 2a (0 0 0), and an O atom located on the Wyckoff position 4d (0 0.5 O z ). The structure is defined by three parameters: lattice constants a and c, and the z coordinate of the oxygen atom, O z [11] . The actual tetragonal phase represents only a slight modification of the fluorite structure of the cubic form c-ZrO 2 . The deviation from the ideal cubic arrangement is described via the tetragonal distortion of the cell parameters, A = All calculations were carried out using the DFT based CASTEP code [12, 13] . The local density approximation, LDA, is used to represent the exchange-correlation functional in the DFT formalism. It is known that for transition metal oxides a gradient-corrected approximation, GGA, to the exchange-correlation functional does not improve on the LDA description; the resulting structures overestimate bond lengths and produce too low phonon frequencies [14, 15] . On the other hand, GGA can produce more accurate formation energies, as was shown for zirconia polymorphs [16] . The pressure induced phase transition studied here relies exclusively on the effect of pressure on the crystal structure, electronic structure and vibrational properties and does not make use of relative energies of different phases; hence we adopted the LDA approach.
The electron-ion interaction was represented in our calculations by norm-conserving pseudopotentials; the reference configurations for valence electrons were 4s 2 4p 6 4d 2 5s 2 for zirconium (cut-off radii of 1.58, 1.73, 1.79 and 1.72 a.u., respectively) and 2s 2 2p 4 for oxygen (cut-off radii of 1.34 and 1.53 a.u., respectively). Pseudopotentials were generated using the designed nonlocal pseudopotential scheme of Rappe et al [17, 18] which was used to guarantee accurate valence states in unfrozen semicore potentials.
A plane wave basis set with the energy cut-off of 750 eV was used to expand the wavefunctions. An 8 × 8 × 6 Monkhorst-Pack grid [19] was used for Brillouin zone integration (30 points in the irreducible part of the Brillouin zone). The SCF convergence criterion was set to 1 × 10 −8 eV/atom. Lattice parameters were converged to 2×10
−5
A and fractional atomic coordinates to 1×10 −5 as compared to calculations using a higher energy cut-off of 900 eV and a more accurate k-point grid of 14 × 14 × 10 (140 irreducible points). A smaller set of k-points, 5 × 5 × 3 (12 irreducible points), has been used in earlier studies (e.g., [8, 14, 20, 21] ). We found that this setting can affect cell parameters by as much as 0.001Å and does not provide converged results for the phonon frequencies and dielectric properties that are sensitive to the crystal structure.
The pressure response of t-ZrO 2 was studied by calculating its P-V equation of state, EOS, for applied pressures up to 50 GPa. The lattice parameters and oxygen position were optimized at each value of the external pressure, so that the volume could be determined. The structures were considered converged when the z component of the force on oxygen atom was less than 0.0005 eVÅ −1 , and the maximum component of the stress tensor was less than 0.01 GPa. The resultant EOS was fitted using the third-order BirchMurnaghan analytical expression [22] to produce the bulk modulus, B, and its pressure derivative, B . Physical properties of t-ZrO 2 including the band structure, optical properties, vibrational frequencies, dielectric permittivity, Born charges, and infrared and Raman intensities were calculated for each point of the EOS. These structural optimizations yield an equation of state in the 'athermal limit', where the effect of both zeropoint energy and temperature is neglected. The quasiharmonic approximation models a thermal correction under the assumption that the dominant contribution arises from the change in vibrational free energy under thermal expansion due to the volume dependence of the phonon frequencies. Using the results of our lattice dynamics calculations at the point we computed the vibrational free energy as a function of volume. This gives a zero-point and thermal contribution to the pressure of 2.2 GPa, in the pressure range from 0 to 30 GPa. However the quasi-harmonic approximation is not valid in the vicinity of a soft mode phase transition, where anharmonicity is large and the harmonic expression for the vibrational free energy does not apply. The contribution of the remaining hard modes which do not exhibit any large anomaly through the phase transition (see figure 6 ) will remain roughly constant, but there is no effective means within the scope of the theory used here to compute the soft mode contribution. Consequently we choose to report pressures in the text and figures in the athermal limit unless stated otherwise.
Variational density functional perturbation theory, DFPT, was used to evaluate the lattice dynamics and the response to an electric field [23] . Raman activities were computed using a hybrid method combining density functional perturbation theory with finite displacements. The Raman activity tensor of a mode is given by the derivative of the dielectric permittivity tensor with respect to the mode amplitude.
This was evaluated using a numerical approximation of the central difference between permittivity tensors computed using DFPT at geometries displaced from equilibrium by small positive and negative amplitudes according to the mode eigenvector. This method is similar to that of Porezag and Pedersen [24] except for our use of DFPT to compute the dielectric permittivity.
There exist a large body of experimental and theoretical results for t-ZrO 2 properties at ambient conditions. It should be noted that comparisons of theoretical data to experiment can be difficult since some of the experimental results refer to materials stabilized by impurities, or to high temperature properties, while calculations are performed on a pure material at 0 K. Nevertheless a comparison of our results to other available data can be used to judge the accuracy of the current zero-pressure calculations.
There is little information about the behaviour of the tetragonal phase of pure zirconia under pressure [4, 5] . The main goal of the subsequent discussion is to analyse the high pressure behaviour in connection with the changes in the phonon spectrum and their relationship to pressure-induced phase transitions. An analysis of the Raman mode evolution [4] based purely on experimental data was not sufficient to explain the experimentally observed transition from the tetragonal to cubic modification [5] .
Properties of tetragonal zirconia at ambient pressure
This section presents our results for various lattice properties of t-ZrO 2 at zero pressure in comparison with experimental data and other DFT results. Such an analysis establishes the level of expected accuracy of the present calculations and is a necessary prerequisite for a phase transition study.
The structure of tetragonal zirconia
There are a wealth of experimental reports on the structure t-ZrO 2 ; however, care needs to be exercised in selecting the structure that can be used to validate theoretical results for pure zirconia in the athermal limit. Pure t-ZrO 2 has been studied using single-crystal x-ray diffraction at high temperature [11] and later at room temperature [4] . A neutron powder diffraction study of pure t-ZrO 2 has been performed at room temperature [25] and down to cryogenic temperatures [26, 27] ; the results can be compared to those from neutron powder diffraction analysis of yttria-stabilized tZrO 2 [28] . A compilation of experimentally reported structural parameters is given in table A.1. It has to be noted that experimental results for nanocrystalline zirconia can exhibit a strong dependence of structural parameters and vibrational frequencies upon the crystallite size. This size has to be sufficiently small for the tetragonal phase to stabilize, but not so small as to distort bulk-like properties. It appears from experimental x-ray diffraction and Raman spectroscopy study that the recommended crystallite size range is 10-20 nm [29, 30] . We suggest that the neutron diffraction results obtained at 5 K for samples with the grain size of 13 nm provide the most accurate description of the structure of pure tZrO 2 [27] . This structure is characterized by a = 3.5742(3)Å, c = 5.1540(8)Å, with tetragonal distortion parameters A = 1.0196 and d z = 0.0473 (4) .
DFT studies of zirconia polymorphs have a long history. The structures of cubic and tetragonal modifications are fairly simple and require only modest computational resources, and hence have been studied since the early days of DFT applications to solid state problems. A number of DFT results for t-ZrO 2 published in the last two decades are collected in table A.1 and compared to experimental data. Table A. 1 groups LDA and GGA results separately and the underbinding effect of GGA can be seen clearly since the cell volume is overestimated by 5-6%. LDA overbinding errors are less pronounced-the volume is underestimated by about 1%, a fraction of the GGA error. Our LDA result gives a = 3.5654Å, c = 5.1258Å, A = 1.0166 and d z = 0.0441 in good agreement with experiment and with other accurate LDA calculations. Table A .1 shows a similarity between converged theoretical studies that use different pseudopotential schemes: the projector augmented wave method (PAW), norm-conserving pseudopotentials (NCP) or ultrasoft pseudopotentials (USP). The results of pseudopotential calculations also agree well with the all-electron FLAPW data. This indicates that there is no transferability issue in well converged pseudopotential DFT calculations. This compilation of structural data also provides a guide to the sensitivity of the results obtained to such parameters as temperature and doping in the case of experimental data, and the k-point sampling and basis set size in the case of calculations.
Compressibility and elastic constants
We compare calculated elastic characteristics of t-ZrO 2 to known data in order to confirm that the response of the lattice to applied strain is reproduced accurately in DFT calculations. Available experimental and DFT results for mechanical properties and single-crystal elastic constants of tetragonal ZrO 2 are summarized in tables A.2 and A.3, respectively. The bulk modulus of single-crystalline t-ZrO 2 can be estimated at about 190(10) GPa from experimental studies, and our calculated values of 200(2) GPa in the athermal limit and 183(2) GPa taking into account quasi-harmonic corrections are in good agreement with this estimate and with other theoretical results ( Single-crystal elastic constants of t-ZrO 2 were calculated by applying finite strains and linearly fitting the calculated strain-stress dependences as described in [31] . The internal degrees of freedom are optimized for each strained structure. These calculations were carried out in two different ways: (i) using the correct crystal symmetry, where strained structures possessed the tetragonal symmetry reduced in accordance with the applied strain; and (ii) using the P1 version of the structure. The latter approach was utilized to account for the possible softening of elastic constants as a result of symmetry breaking under external stress. The effect of associated relaxations resulted in a decrease of the value of C 13 by about 10 GPa and had very little effect on any other elastic constant. The theoretical single-crystal elastic constants are given in table A.3 in comparison to other published results. The bulk modulus as obtained from C i j coefficients is 212(2) GPa and thus is in reasonable agreement with the EOS result.
It is clear from table A.3 that the bulk modulus evaluated from experimental elastic constants [32] is considerably lower than our calculated value and experimental estimates from hydrostatic compression (table A. 2). The difference may be related to the fact that the experiment [32] was conducted on a ceria doped material. One could also note that the technique relies on the reference value of the Young modulus in addition to the diffraction data. The single-crystal Young modulus is orientation dependent, and according to our results its value is between 248 GPa (perpendicular to the c axis) and 320 GPa (along the c axis). If we multiply the data from [32] by a scaling factor to account for a different value of the Young modulus, we get some C i j components and the bulk modulus in better agreement with DFT calculations. However, the discrepancy for the off-diagonal terms remains large or becomes worse, suggesting that either this technique is not sufficiently accurate for determining elastic constants of t-ZrO 2 , or that ceria doping has a strong effect on elastic properties.
The two most recent GGA calculations [33, 34] strongly disagree with each other as regards nearly all components of the elastic constants tensor (table A.3). It is likely that the k-point sampling used in [33] is not sufficiently accurate; it results in an overestimated tetragonal distortion A (table A.1) and strongly underestimated elastic constants for the tetragonal phase.
Our LDA result for elastic constants is consistent with earlier LDA calculations [35] and with the measured bulk modulus, and represents a reliable estimate of t-ZrO 2 elastic properties.
Born effective charge tensors
The Born effective charge tensor Z * k i j can be defined in two equivalent ways. The charge can be thought of either as a force in the direction i on the atom k as a result of applying a unitary electric field along the direction j , or as the induced polarization in the direction i due to the unitary displacement in the direction j of all atoms k. The Born effective charge tensors are diagonal in the high symmetry structure of t-ZrO 2 [20] . The charge tensor of Zr atoms is diagonal with only two independent components, along and perpendicular to the c axis (Z We present calculated LDA values at ambient pressure in table 1. Our data are in good agreement with the previous results and reproduce well the strong anisotropy of the Born effective charge tensor on oxygen atoms. The discrepancy between our results and earlier findings [14, 20] is well within the range that can be attributed to differences in the theoretical ground state structures.
The dielectric permittivity tensor
The frequency-dependent dielectric tensor of tetragonal ZrO 2 is diagonal and has two independent components: ε xx = ε yy perpendicular to the c axis, and ε zz along the c axis. There are two contributions to the dielectric tensor, electronic and lattice (phonon). The static value, ε 0 , includes both contributions while the optical limit, ε ∞ , includes only the electronic contribution. Available LDA results for these properties are compared in table 2. The results from [14] include only the lattice contribution, ε 0 − ε ∞ . The best, although approximate, way to compare calculated single-crystal results to experimental data obtained on polycrystalline samples is to average the components of the computed tensor to produceε = 2ε xx +ε zz 3
. The results are included in table 2 and show a qualitative agreement with other calculations and with experiment. Overestimation of the dielectric tensors illustrated in table 2 is common for the LDA level of theory [20] .
The asymmetry of the static dielectric tensor is clearly due to the lattice contributions from IR-active modes, since the electronic contribution ε ∞ is nearly isotropic.
Phonon frequencies at the point
An accurate description of phonon frequencies is a stringent test for a theoretical model. There are a number of experimental data on vibrational modes of tetragonal zirconia from IR and Raman spectroscopy [36] [37] [38] [39] , as well as a body of model [36, 40] and DFT [14, 20] calculated results. However, a controversy still exists as regards the phonon mode assignment. An effort at resolving this issue has been offered in [36] and independently in [20] , but the resulting assignments still do not agree with each other. Group theoretical analysis of optical modes (e.g., using the Bilbao Crystallographic Server [41] ) shows that there are six Raman-active modes (A 1g , 2B 1g , 3E g ), three IR-active modes (A 2u , 2E u ), and a silent mode (B 2u ) in tetragonal zirconia.
Experiments have been performed mostly on tetragonal zirconia stabilized with dopants which explains the scatter of experimental data reported in table 3. The most accurate results available are from the Raman spectra of a pure tetragonal phase [4, 36] .
Our results for phonon frequencies are in good agreement with the earlier LDA calculations and with experimental data (table 3). Note that the GGA frequencies [8] are much less accurate than the LDA ones for both IR-and Raman-active modes, which supports our choice of the LDA functional for this study. The results of the symmetry analysis of the point phonons confirm assignments from [20] with one exception-we find that the Raman mode A 1g (271 cm −1 ) has a higher frequency than the IR-active mode with E u symmetry (258 cm −1 ). This Raman frequency agrees very well with the results for pure t-ZrO 2 [4, 26, 36] . The assignment described in table 3 is essentially equivalent to an earlier suggestion [43] and it finally disproves an alternative assignment from [38] .
The pressure-induced transition to the cubic phase
The results presented in the previous section illustrate the level of accuracy achievable in DFT calculations of ground state properties of tetragonal zirconia. The main motivation of the present study is to extend such calculations to explain the changes of structure and properties under compression that potentially lead to a phase transition. 
Structural changes under pressure
Calculated pressure-volume data for t-ZrO 2 in the pressure range from 0 to 30 GPa were fitted using the third-order BirchMurnaghan EOS [22] . Equation of state parameters are B = 200(2) GPa and B = 5.5(1). This result agrees well with the experimental and LDA results (table A. 2). Figure 1 shows the calculated pressure dependence of the two distortion characteristics that can be considered as order parameters of a phase transition under compression. LDA results predict that the cell can be described as cubic at about 40 GPa with an abrupt change taking place at 35 GPa. There is no anomalous behaviour at lower pressures; both curves in figure 1 are smooth up to about 32 GPa. It has been suggested on the basis of comparative studies of impuritystabilized t-ZrO 2 compounds that there is a simple quadratic relationship between A and d z , namely A = 9.08d 2 z [44] . We show in figure 2 that high pressure results for t-ZrO 2 approximately follow this dependence, with a slightly different proportionality coefficient of 8.3 (1) . This implies that the main effect of introducing different stabilizing ions (e.g., Y or Ce) in various concentrations can be explained by an internal pressure due to the size effect (including that of accompanying vacancies), while a chemical effect plays a secondary role in defining the tetragonal distortion of stabilized zirconia.
An x-ray diffraction study of nanocrystalline ZrO 2 reported that at about 8 GPa the A ratio became nearly 1 [5] . On the other hand, in the same experiment the value of d z decreased much more slowly, so the pressure point of 8 GPa was not interpreted as a phase transition pressure. Even though the cell parameters could be presented as being metrically cubic, the internal coordinates of O atoms were shifted from the ideal cubic positions of the fluorite structure. Above 30 GPa it was possible to refine the experimental data using either a tetragonal or cubic description of the cell [5] . It was [38] .
f IR and Raman spectroscopy, yttria and ceria doped t-ZrO 2 [39] . g Raman spectroscopy on yttria doped t-ZrO 2 ; frequencies are extrapolated to 0 K [37] .
h Raman spectroscopy, nanosized pure t-ZrO 2 [4, 36] .
i Raman spectroscopy, nanosized pure t-ZrO 2 [26] . j Present results. not possible to suggest a definitive transition pressure from the diffraction data, but our estimate of ≈37 GPa (including a 2.2 GPa thermal correction) is in good agreement with the experimental analysis. However, the observation of an anomaly at 8 GPa cannot be explained on the basis of present theoretical results and could be due to an experimental artefact such as an inhomogeneous pressure distribution inside the high pressure cell. The fact that our data follow the quadratic coupling between A and d z (see figure 2 ) while experimental data from [5] strongly disagree with it further suggests a problem with the high pressure experiment.
A recent more accurate study of the structural evolution under pressure up to 18 GPa did not confirm the existence of a feature at 8 GPa [45] . A linear extrapolation of the cell parameters showed that the distortion A becomes equal to 1 at about 36 GPa. The arguments invoked in [45] to justify a linear extrapolation instead of the EOS fitting are not clear, but either way the pressure range was not sufficiently large for getting an accurate estimate of the transition point.
ZrO 8 octahedra are strongly distorted at P = 0, so there are two inequivalent Zr-O bonds with bond lengths of 2.072 and 2.335Å. The Mulliken bond populations that give a qualitative assessment of the bond strength are respectively 0.62 and 0.35 in this structure. A compression towards a fluorite-type structure makes the polyhedron essentially symmetrical, and the bond populations become 0.45 for both bonds at 35 GPa. Further compression to 50 GPa preserves the cubic structure and reduces bond populations only very slightly.
Electronic structure changes under pressure
Electronic states of t-ZrO 2 can be described as follows. The valence band is comprised of a relatively narrow (2 eV wide) band of O s states at about 16 eV below the Fermi level; these states are hybridized with Zr s and p states. There is a broad band (5 eV wide) of mostly O p states that are hybridized with Zr d states at the top of the valence band. The lowest conduction band is mostly of Zr d character. We find the band gap at P = 0 to be indirect with the value of 3.73 eV. Experimental results for the band gap of t-ZrO 2 are 4.2 eV from electron energy-loss spectroscopy (EELS) [46] and 5.78-6.62 eV from vacuum-ultraviolet (VUV) absorption spectroscopy [47] . One should note that the EELS value gives at best an estimate of a single-particle band gap [48] , so the VUV result is more reliable despite the large uncertainty of the VUV band gap [47] .
The underestimation of the band gap observed here is typical of Kohn-Sham DFT calculations. Other published [34] , and 3.17 eV [21] . It is possible to improve the description of the band gap by using more advanced treatments such as invoking a screened exchange formalism. This approach produces an indirect band gap of 5.95 eV but otherwise does not introduce qualitative changes to the calculated band structure [50] . An approximate application of a more sophisticated GW method gives an even higher value of the band gap, 6.40 eV [49] .
The band gap in the tetragonal phase changes its character under compression. The conduction band minimum, CBM, remains at the zone centre in all calculations. The valence band maximum, VBM, is at the point A (1/2 1/2 1/2) for pressures below 15 GPa. The indirect band gap decreases on compression, and the low pressure part of the dependence shown in figure 3 can be described using a linear fit with a slope of −6.3 meV GPa −1 . The inflection point at 15 GPa can be seen in figure 3 . At this pressure the VBM is located in the middle of the A-M path, where M is the (1/2 1/2 0) point. VBM moves to the point M at pressures above 15 GPa. High pressure structures starting from the 35 GPa point produce essentially equivalent values for the valence band maxima at M and which is easily understood as these two points are equivalent in a cubic cell. The band gap after the transition at 35 GPa shows a linear increase with pressure with a slope of 5.2 meV GPa −1 . The main changes in the electron density of states, DOS, upon compression can be described as a widening of all the bands. The width of the valence and conduction bands increases by approximately 50% at 40 GPa relative to the ambient conditions. This applies also to the localized Zr 4 p states that nominally could be considered as core states. Their contribution to the DOS has a noticeable dispersion even at P = 0, creating a peak at −25 eV which is approximately 1 eV wide. This peak becomes even more dispersive at 40 GPa, and it starts showing strong hybridization with O s states. This observation of the chemical activity of Zr 4 p states shows that it was essential to include semicore states of Zr explicitly in the calculation.
Born effective charge tensors and dielectric tensors under pressure
The pressure dependence of the symmetrically inequivalent components of the Born effective charge tensors on O and Zr atoms is presented in figure 4 . The Born effective charges for the pseudo-cubic structure obtained at 40 GPa are essentially isotropic with the values of 5.94 for Zr and −2.97 for O (the ratio has to be exactly −2 as a result of the acoustic sum rule). The charges calculated for cubic zirconia at ambient conditions [14] are 5.72 and −2.86, respectively. It is clear from figure 4 that the anisotropy of Born effective charge tensors decreases under compression and essentially disappears at the point of transition to fluorite structure.
The large changes in calculated Born effective charges are in stark contrast to the behaviour of the Mulliken charges that are commonly used as a qualitative measure of the charge transfer. Mulliken charges in tetragonal zirconia are completely independent of pressure, with values of −0.73 (O) and 1.46 (Zr) from 0 to 50 GPa.
The pressure dependence of the dielectric permittivity is given in figure 5 . The static permittivity calculated for the cubic structure above the transition pressure, ∼26, is noticeably lower than the reported permittivity of cubic zirconia at ambient conditions, ε 0 = 35.5 [20] .
At the same time the average value of the optical permittivity increases on compression, albeit slightly. The difference of the pressure effects on the lattice contributions to the parallel, ε 
Phonon frequencies at the point under pressure
High quality Raman spectra are available from diamond anvil cell experiments on nanosized pure t-ZrO 2 crystals in the pressure range from 0 to 31 GPa [4] . The results show that at low pressure all Raman frequencies change linearly with the slopes given in table 4 (these values are related to the mode Grüneisen coefficients, theoretical modelling of such sensitive properties. All modes stiffen upon compression with the exception of the 260 cm
line, which softens. After about 10 GPa the dependence of frequencies on pressure becomes nonlinear both in the experiment [4] and in our calculations; see figure 6 .
There is an intriguing question as regards the behaviour of the two lowest Raman-active branches. Experimental study assigned both of them an E g symmetry label, and then the spectra were interpreted assuming a non-crossing behaviour for these two modes. The authors state that there is an exchange of the intrinsic character, namely of the peak width, of the two modes at 21 GPa, although it was claimed that the modes cannot actually cross for symmetry reasons [4] . We have presented a correct mode assignment in table 3 which agrees with e.g. [43] and confirms that these two modes are of different symmetries. According to the symmetry analysis one of these modes has a two-dimensional representation (E g , the lowest mode at P = 0) while the other is one dimensional (A 1g ), and there is no symmetry argument against crossing of these two branches. We predict this crossing to occur at 25 GPa (including quasi-harmonic correction), close to the experimental estimate of 21 GPa for the 'exchange of character' point.
The softening of the 260 cm −1 mode in the pressure range from 0 to 30 GPa has been fitted using a power law v = a(P c − P) b [4] . The result of the fitting of experimental data predicted a possible phase transition at P c = 38 GPa where the frequency would become zero. A similar fitting of our data predicts a complete softening at a slightly lower pressure of 36.7(2) GPa including a 2.2 GPa quasi-harmonic correction. This conclusion is confirmed quite accurately by inspection of the calculated frequencies at higher pressures; see figure 6(a). There is a clear discontinuity in three branches, and most prominently there is a strong dip of the A 1g branch to essentially zero frequency.
A very detailed symmetry analysis of a possible symmetry change under pressure has been offered in [45] . The underlying assumption was again that the two lowest modes do not cross under compression and hence are of the same E g symmetry. The conclusion was that the highest frequency mode at 639 cm −1 is the soft mode of A 1g symmetry. Furthermore, it was suggested that there is a new intermediate tetragonal phase (space group 136, Z = 4) which is achieved under compression-and this new phase then further transforms into a cubic phase. We find it difficult to see how the highest Raman-active mode could be responsible for a soft mode transition. There is indeed a slight softening of that mode at the phase transition point of 35 GPa (figure 6(a)) but it is quite clear from the actual symmetry analysis that it is the 260 cm −1 mode which has an A 1g character, which softens to zero frequency and is thus responsible for the tetragonal to cubic transition.
The frequencies of the three high frequency Ramanactive modes as extrapolated in the experimental study would converge at approximately 650 cm −1 'at high pressures' [4] . This statement has to be qualified for 'high pressures' to mean a point at about 35 GPa where tetragonal distortions disappear. Our calculated frequencies agree with the estimate, and even such fine detail as a decrease of the highest frequency E g mode before the transition is faithfully reproduced.
Raman intensities at ambient conditions and under pressure
There have been a number of reports of the Raman spectra of tetragonal zirconia at zero pressure. These include studies of pure nanosized powders [4, 26, 27, 36] as well as yttriastabilized samples [37, 39] . Quantitative data on relative intensities of various lines are invariably noisy since the lines are fairly broad in nanosized powders and often have to be separated from the spectrum of the monoclinic phase, but there seems to be a consensus that the A 1g line at 260 cm −1 is the strongest, followed by the high frequency E g mode.
There is an experimentally observed global loss of intensity in Raman spectra above 24 GPa. The spectrum moves towards a single line at about 700 cm −1 , although the spectrum at 31 GPa still shows a split high frequency peak, so the structure is not yet cubic at that pressure [4] .
Calculated Raman spectra are shown in figure 7 in comparison with the experimental spectra [4] . Note that we analyse Raman intensities, not Raman activities [24] , so the results presented in figure 7 (b) should be directly comparable to experiment. The spectra were produced by applying an instrumental broadening of 10 cm −1 and by using a low temperature limit in the Raman intensity calculations [24] .
The soft mode at 260 cm −1 is the strongest feature in the spectrum at zero pressure; its intensity is twice as large as the combined intensities of the two high frequency modes, both in our calculations ( figure 6(b) ) and in experiment [4, 26] . The intensity of the soft mode decreases monotonically under compression and falls to zero upon transition to the cubic modification. At the same time the intensity of the high frequency features increases as a result of a monotonic increase of the intensity of the B 1g line combined with the jump of the E g mode intensity at the phase transition point. The pressure dependence of the combined intensity of these two modes, as shown in figure 6(b) , is qualitatively similar to the experimental observation [4] .
Conclusions
We presented a comprehensive study of the structure and properties of tetragonal zirconia at ambient conditions and under compression up to 50 GPa. Our results strongly suggest that tetragonal distortions disappear at 37 GPa and the structure can be described as a fluorite-type cubic modification at higher pressures. The transition manifests itself clearly in the pressure dependence of tetragonal distortion parameters, Born effective charges, the dielectric permittivity, and the electronic band gap. The frequency of the A 1g mode, the strongest line in the Raman spectrum at P = 0 GPa, softens under pressure according to the power law and goes to zero at the transition point; its intensity also decreases. The structure remains cubic upon further compression to 50 GPa. We have seen no indication for the presence of an additional intermediate tetragonal phase in the pressure range 10-40 GPa that had been suggested earlier [45] . There are qualitative changes in the electronic structure of the tetragonal phase related to the shift of the position of the valence band maximum, but this change does not have an apparent effect on measurable physical properties. For example, calculated optical properties such as a frequency-dependent refractive index that should be sensitive to details of the electronic structure do not exhibit any qualitative changes over the pressure range 0-50 GPa. Our results do not allow us to exclude definitively the possibility of the presence of such an extra phase (P4 2 /mnm, Z = 4) since there is no displacive path that connects it to the known tetragonal phase studied here (P4 2 /nmc, Z = 2) and so we could not obtain this structure by simply applying pressure to the known modification. Its existence is however rather unlikely since it was deduced on the basis of an erroneous symmetry analysis of soft mode behaviour and incorrect symmetry assignments [45] . An attempt to generate such a structure followed by geometry optimization showed that it spontaneously transforms to cubic symmetry and thus it is not even a metastable configuration.
One should observe that the agreement of the calculated phase transition pressure, 35 GPa, with the experimental estimate of 30 GPa [5] may be slightly fortuitous, or it might imply that the material inside nanograins represents a nearly perfect metastable t-ZrO 2 with a minimal effect of residual strain.
In summary, we presented the first ab initio description of pressure-induced changes in the Raman spectrum of tetragonal zirconia and showed the relationship between these changes and the structural phase transformation.
results from determining elastic constants of anisotropic materials using powder diffraction measurements [32] . The derivation of the C i j tensor required strain-stress data as well as an estimated value of Young's modulus (taken to be 192 GPa).
